In Saccharomyces cerevisiae, Sum1p is a promoter-specific repressor. A single amino acid change generates the mutant Sum1-1p, which causes regional silencing at new loci where wild-type Sum1p does not act. Thus, Sum1-1p is a model for understanding how the spreading of repressive chromatin is regulated. When wild-type Sum1p was targeted to a locus where mutant Sum1-1p spreads, wild-type Sum1p did not spread as efficiently as mutant Sum1-1p did, despite being in the same genomic context. Thus, the SUM1-1 mutation altered the ability of the protein to spread. The spreading of Sum1-1p required both an enzymatically active deacetylase, Hst1p, and the N-terminal tail of histone H4, consistent with the spreading of Sum1-1p involving sequential modification of and binding to histone tails, as observed for other silencing proteins. Furthermore, deletion of the N-terminal tail of H4 caused Sum1-1p to return to loci where wild-type Sum1p acts, consistent with the SUM1-1 mutation increasing the affinity of the protein for H4 tails. These results imply that the spreading of repressive chromatin proteins is regulated by their affinities for histone tails. Finally, this study uncovered a functional connection between wild-type Sum1p and the origin recognition complex, and this relationship also contributes to mutant Sum1-1p localization.
In eukaryotes, specialized chromatin structures create metastable transcriptional domains and define chromosomal elements, including centromeres and telomeres. Some of these chromatin structures can propagate along chromosomes, whereas other chromatin modifications are restricted to one or a few nucleosomes. To explore how the spreading of repressive chromatin is regulated, we have studied a nonspreading locusspecific repressor protein, Sum1p, and a mutant version of this protein, Sum1-1p, which spreads along a chromosome and achieves regional silencing (37, 43) . The mutant SUM1-1 phenotype is conferred by a single amino acid change (6) , suggesting that a very slight alteration can tip the balance between spreading and not spreading. Operating at this balance point must be important for precise regulation of where and when repressive chromatin structures spread.
Repression mechanisms are often categorized as locus-specific or regional. Locus-specific repressors are typically DNAbinding proteins that associate with operator sequences near the promoters of target genes. These repressors recruit other corepressor complexes, such as histone deacetylases, and interact with core transcription factors to mediate repression. Regional silencing, in contrast, represses transcription throughout a chromosomal domain in a promoter-independent fashion. Silencing proteins typically associate with nucleosomes and propagate along chromosomes to form a specialized chromatin structure, known as heterochromatin or silenced chromatin, which is inhibitory to transcription. Although at first glance these two mechanisms of repression seem completely distinct, recent work reveals shared mechanistic features, as described below in more detail (7, 9, 37) .
Sir protein-mediated silencing in Saccharomyces cerevisiae (reviewed in reference 35) provided the context for the discovery and subsequent investigations of mutant Sum1-1p. Sirmediated silencing occurs at the donor cassettes for mating type switching, HMR and HML, and also at telomeres. Silencing is mediated by regulatory sites known as silencers, which consist of binding sites for three DNA-binding proteins, origin recognition complex (ORC), Rap1p, and Abf1p. The assembly of silenced chromatin at HM loci involves two distinguishable steps (18, 27, 36) . First, the Sir proteins assemble at the silencer via interactions with silencer binding proteins. Then, Sir2p, Sir3p, and Sir4p spread from the silencer. The NAD ϩ -dependent deacetylase activity of Sir2p is not required for assembly of Sir proteins at the silencer but is required for their spreading (18, 36) . Sir3p and Sir4p bind the tails of histones H3 and H4, and at least Sir3p has a higher affinity for deacetylated tails (5, 16) . These observations inspire a "sequential deacetylation" model for the propagation of silenced chromatin (36) . In this model, Sir2p associated with a silencer deacetylates the neighboring nucleosome, creating new high-affinity binding sites for Sir3p and Sir4p. Since Sir2p is found in complex with Sir4p, the binding of Sir3p and Sir4p to the newly deacetylated nucleosome recruits additional Sir2p, which can then deacetylate the next nucleosome.
Sum1p is a locus-specific repressor of genes normally expressed at midsporulation (49) and of genes involved in NAD ϩ biosynthesis (2) . Sum1p binds directly to a DNA sequence upstream of repressed genes (32, 49) and is implicated in the repression of at least 48 genes. For about half of these genes, repression also requires two corepressor proteins, Hst1p and Rfm1p (28) , which are found in a complex with Sum1p (28, 33, 37) . Hst1p is a deacetylase related to Sir2p (43) . Rfm1p, a 35-kDa protein with coiled-coil motifs, is required for the association of Hst1p with Sum1p (28) .
A mutant form of Sum1p, known as Sum1-1p, spreads and achieves regional silencing by a mechanism similar to that of Sir proteins (37, 43) . The SUM1-1 mutation, T988I (6) , restores silencing in strains lacking Sir proteins (23, 24) by redirecting Sum1-1p to HM loci, where it spreads to form repressive chromatin. Like the wild-type Sum1p, Sum1-1p associates with Hst1p and Rfm1p (28, 37, 43) , and these proteins are required for deacetylation of nucleosomes in the silenced domain (37) .
The single most striking effect of the SUM1-1 mutation is its ability to convert a site-specific repressor into a protein capable of spreading over multiple nucleosomes. There are at least two models to explain the ability of mutant Sum1-1p to spread (Fig.  1 ). In one model (Fig. 1A) , the primary effect of the SUM1-1 mutation is to change the ability of Sum1p to spread, perhaps by increasing the stability of Sum1-1p-containing chromatin. In this scenario, the observed change in the location of Sum1-1p compared to that of Sum1p would be a secondary effect of the increased ability to spread. In the other model (Fig. 1B) , the primary effect of the mutation is to change the location of Sum1p by altering the affinity of the protein for a DNA-associated protein or DNA itself. In this model, both wild-type Sum1p and mutant Sum1-1p are fully capable of spreading, but features at the loci where wild-type Sum1p normally acts, such as boundary elements, prevent spreading. Only when Sum1-1p fortuitously ends up at the silent mating type loci, where there are no such boundaries, can it spread. To test these models, we investigated the extent to which the SUM1-1 mutation alters the location of Sum1p and compared the spreading abilities of mutant and wild-type Sum1p.
MATERIALS AND METHODS
Plasmids and yeast strains. Plasmids generated for this study are described in Table 1 . To construct the SUM1 and SUM1-1 integrating plasmids, pLR376 and pLR377, the entire SUM1-containing inserts were excised from plasmids DMC283 and DMC326 (6) and ligated into pRS404, a TRP1 integrating plasmid lacking replication or centromere sequences (41) . The hst1-N291A allele in plasmid pLR100 was generated by site-specific mutagenesis of plasmid pLP316 (3). The original codon for asparagine 291 (AAT) was changed to alanine (GCT). The hmr Sum1 allele in plasmid pLR337 was generated by site-directed mutagenesis of plasmid pJR759 (24) to modify two sequences in the E silencer. The sequence AAAAACCCATCAAC, containing the Rap1p binding site, was replaced with the sequence CACTAATTTGTGACA, containing a Sum1p binding site, and the Abf1p binding site, ATCATAAAATACGA, was mutated to ATCAGGAAAATACGA to disrupt binding of Abf1p. The hmr Sum1X2 allele in plasmid pLR391 was generated by site-directed mutagenesis of plasmid pLR337 to modify the I silencer. The sequence TTTAATTTTTAA AAAAACAAA TT TAATTGACC between the Abf1p and ORC binding sites was modified to TTTAATTTTTAA GTGTCACAAATTAG TTTAATTGACC to create a Sum1p binding site. Plasmid pLR39 containing 7myc-SUM1 in pRS415 was generated as previously described (37) . The ARS1015 and ARS1013 plasmids (48) contained yeast intergenic regions, iYJR003C and iYJL038C, cloned into a yeast shuttle vector with CEN4 and URA3 but no other autonomously replicating sequence (ARS).
Strains used in this study were all derived from W303-1a ( (13) , and orc5-1 alleles (26) were previously described. The rfm1⌬::LEU2 allele was generated by one-step gene conversion (34) with a PCR product amplified from plasmid pRS415 using primers 5Ј-AATTTATTAGACAAC AG GAAGGTGTTATAAGAAAGTGCGAGATTGTACTGAGAGTGCACC and 5Ј-TATTTCT CTCTATTTATATTTATTTACTTCTTCAAAGAAGCTGTGC GGTATTTCACACCG. The hst1-N291A and 7myc-SUM1 alleles were generated by a serial gene replacement approach, in which HST1 or SUM1 was first replaced with URA3, which was then replaced with the hst1-N291A allele from plasmid pLR100 or the 7myc-SUM1 allele from plasmid pLR39. The chromosomal TRP1::SUM1 and TRP1::SUM1-1 alleles were generated using plasmid pLR376 or pLR377 linearized within the TRP1 gene.
This study employed the original SUM1-1 allele (23), the protein encoded by which differs from that of the published SUM1 sequence (1) by seven amino acids (A87D, F241L, M615L, L638S, T704I, T748I, and G782N) in addition to the mutation at threonine 988 that confers the SUM1-1 phenotype. The additional amino acid changes in protein encoded by the SUM1-1 allele did not contribute in any apparent way to the mutant phenotype, since a mutant protein with the single amino acid change, Sum1p-T988I, behaved identically to Sum1-1p (see also reference 6). Specifically, Sum1p-T988I associated with HM loci, where it spread. In addition, the association of Sum1p-T988I with midsporulation promoters was reduced, and the midsporulation genes were derepressed in a strain bearing the SUM1-T988I allele (data not shown).
Chromatin IP. Chromatin immunoprecipitations (IP) were performed as previously described (37) using 10 optical density equivalents of cells and 3 l anti-Myc tag (06-549; Upstate Biotechnology). Cells were treated with 1% formaldehyde for up to 3 h to cross-link proteins to DNA. The DNA was sheared by sonication to an average size of 600 to 700 bp in all experiments. For quantitative real-time PCR, a standard curve was prepared using input DNA. The standard curve and immunoprecipitated samples were amplified with primers for a control locus (ATS1) and the locus of interest in separate reactions, which enabled the relative amount of each locus in the IP sample to be determined. ATS1 was selected as a control locus because it is relatively far from ORC binding sites, which, as discovered here, are associated with Sum1-1p. Reported values represent averages of at least two independent IP experiments, each analyzed in two separate PCRs. Sequences of the oligonucleotides used for PCR are in Table 3 .
Mating assays. For patch mating assays, cells were grown for 8 h on solid yeast extract-peptone-dextrose (YPD) medium or minimal medium without uracil to retain plasmids. The yeast cells were subsequently replica plated to mating-type tester lawns (LRY1021 or TD4) on minimal medium. Plates were incubated at 30°C and scanned after 2 or 3 days. For quantitative mating assays, overnight cultures of cells were diluted and plated on YPD (to determine total cell number) and on minimal plates with approximately 2 ϫ 10 7 mating-type tester cells to determine the number of mating events by the number of prototrophic colo- Microarray expression studies. Total RNA was isolated from logarithmically growing cells as described previously (39) . cDNA and then cRNA were generated, labeled, and hybridized to Affymetrix S98 yeast arrays, as recommended by the manufacturer.
RNA blots. RNA was separated on 1% agarose-formaldehyde gels and transferred to Zeta Probe membranes (Bio-Rad) (38) . Probes were generated by PCR using total yeast genomic DNA. The probes were labeled using the RediPrime II kit (Amersham). The amount of mRNA was normalized to ACT1 mRNA using a Storm phosphorimager.
RESULTS
Sum1p and Sum1-1p were localized to different sites. Previous results based on qualitative chromatin IP analyses are consistent with the relocalization of mutant Sum1-1p from midsporulation promoters to the HM loci (37) . To accurately assess the distribution of wild-type and mutant Sum1p at HM loci and midsporulation promoters, quantitative real-time PCR analysis of immunoprecipitated DNA was performed ( Fig. 2A) . Wild-type Sum1p associated strongly with the promoters of two genes repressed by Sum1p (SMK1 and SPR3) but did not precipitate significantly with any of the four silencers (HMR-E, HMR-I, HML-E, and HML-I). In contrast, mutant Sum1-1p had a slight association with the promoters of Sum1p-repressed genes and associated robustly with all four silencers. Therefore, the SUM1-1 mutation reduced but did not completely eliminate the association of mutant Sum1-1p with the sites of action of wild-type Sum1p. Furthermore, mutant Sum1-1p accumulated at new locations where wild-type Sum1p was not found. This change in distribution was consistent with the SUM1-1 mutation acting solely by altering the localization of the protein (Fig. 1B) and could result from mutant Sum1-1p having increased affinity for a protein or DNA sequence associated with the HM loci. However, these data do not exclude models in which the accumulation of mutant Sum1-1p at new loci is a secondary effect of an increased ability to spread.
Wild-type Sum1p did not spread at repressed promoters. To investigate the two models of SUM1-1 action further, we examined the ability of wild-type Sum1p to spread. The distribution of Sum1p was examined at several genes normally repressed by Sum1p, including SMK1, YJL038C, CRR1, and YSW1. (Genes repressed by Sum1p were identified by their induction in the absence of Sum1p [28] and their association with Sum1p in chromatin IP studies [25] .) In all cases, there was a single, sharp peak of Sum1p association with chromatin, centering on the predicted Sum1p binding site (Fig. 2B) . Association of Sum1p dropped to less than 50% of the maximum level within 500 bp of the binding site. This narrow distribution of Sum1p was observed at genes that were shown (28) to require Hst1p for repression (e.g., YJL038C) and those that did not (e.g., SMK1). In contrast, mutant Sum1-1p was distributed across at least 2,300 bp at the HMR locus. Thus, wild-type Sum1p did not appear to spread at its normal sites of action as efficiently as mutant Sum1-1p spread at HMR. Although these results could not prove that wild-type Sum1p never spreads, Sum1p clearly did not spread at these four examined loci. Thus, the abilities of Sum1p and Sum1-1p to spread at their sites of action were different.
Wild-type Sum1p did not spread efficiently at HMR. To determine whether wild-type Sum1p had an intrinsic ability to spread that was constrained at the sites where it normally binds (Fig. 1B) , wild-type Sum1p was recruited to HMR. At this locus there should not be any factors that limit spreading, since mutant Sum1-1p and Sir proteins are able to spread. The binding site for Sum1p (32) was inserted into the HMR silencer in place of the Rap1p binding site, which is not required for Sum1-1p-mediated silencing (37) . In addition, the Abf1p binding site was mutated to help prevent the silencer from initiating Sir-mediated silencing. Thus, a silencer was constructed that should bind wild-type Sum1p and which will no longer be silenced by Sir proteins due to the absence of the Rap1p and Abf1p binding sites (Fig. 3A , hmr Sum1 ). The I silencer, which is still intact in this plasmid, cannot initiate Sir-mediated silencing on its own (4, 36) . This modified HMR locus was transformed into sir2⌬ yeast on a CEN plasmid, and the ability of Sum1p to spread was assessed by chromatin IP (Fig. 3B ). As expected, Sum1p associated with the mutated silencer sequence but not the wild-type silencer, indicating that the inserted Sum1 binding site was functional. However, wild-type Sum1p associated only to a small degree with the a1 gene at hmr Sum1 . In contrast, the mutant Sum1-1p did spread to the a1 gene on this same plasmid. Thus, within the limits of this assay, wild-type Sum1p did not spread as well at HMR as mutant Sum1-1p.
To determine whether wild-type Sum1p could spread at all, even if only in a small fraction of cells, we employed a mating assay, which has the sensitivity to detect rare instances of silencing. In these MAT␣ cells, expression of a1 mRNA from HMR prevents mating. However, if HMR were silenced in a very small fraction of cells, these cells would mate and be detected as individual colonies on medium that selects for diploids. When the modified hmr Sum1 locus was transformed into yeast bearing wild-type Sum1p, mating was not detected (Fig. 3C , first row, second column). In addition, quantitative mating assays revealed that the fraction of SUM1 cells that mated was not significantly different from the fraction of sum1⌬ cells that mated (2 ϫ 10 Ϫ6 for SUM1 and 3 ϫ 10 Ϫ6 for sum1⌬). In contrast, mutant Sum1-1p was much more successful at silencing this same plasmid (second row), and the fraction of mating-competent cells was roughly 10 4 times greater (4.3 ϫ 10 Ϫ2 ) with mutant Sum1-1p than with wild-type Sum1p in a quantitative mating assay. Thus, mutant Sum1-1p had an enhanced ability to spread compared to wild-type Sum1p.
Both the E and I silencers that flank HMR are bound by ORC, and Sum1-1p acts through ORC (37, 43) . Thus, two sites of recruitment flanking the silenced locus may be necessary for stable spreading, and the single wild-type Sum1p binding site in the hmr Sum1 allele may not be sufficient. To determine whether recruitment of Sum1p to two sites flanking HMR could promote spreading, a second Sum1p binding site was inserted at the HMR-I silencer (hmr Sum1X2 ) (Fig. 3A) . Silencing of this hmr Sum1X2 plasmid was not detected in a patch mating assay (Fig. 3C, third column) , and the quantitative mating assay revealed that the fraction of cells that mated in the presence of Sum1p (1 ϫ 10 Ϫ5 ) was just slightly greater than the fraction that mated in a sum1⌬ strain (2.5 ϫ 10 Ϫ6 ). Chromatin IP analysis verified that Sum1p did associate robustly with the second binding site (data not shown). In contrast, mutant Sum1-1p successfully silenced hmr Sum1X2 (Fig. 3C) . Furthermore, since the fraction of SUM1-1 cells that mated was essentially the same on all three HMR alleles (4.5 ϫ 10
Ϫ2
for hmr Sum1X2 , 4.3 ϫ 10 Ϫ2 for hmr Sum1 , and 3.8 ϫ 10 Ϫ2 for HMR), the insertion of the two Sum1p binding sites did not alter any features of the plasmid necessary for silencing. Thus, wild-type Sum1p did not spread as efficiently as mutant Sum1-1p at HMR.
It was possible that wild-type Sum1p had the ability to spread but was recruited to HMR in a way that limited its CTAAATCGCATTTCTTTTCGTCCAC  TAACAAAAACCAGGAGTACCTGCGC  HMR-a1  GTGGCATTACTCCACTTCAAGTAAG  CAAGAGCAAGACGATGGGG  HMR-I  TGTCACCAACATTTTCGTATATGGCG  CTACCACATTATCAATCCTTGCATCCAG  HML-E  CCAGAAGATAATTTAGAAGACAAGTAGCG  TTTGGCCCCCGAAATCG  HML-I  TGAAAGCCCGACGTTTGC  GCTGTTACGGAGATGCAAAGC  SMK1  GCGACGAGGCGTGAGGGTAG  CATAGGCTCCCTTGCCCAGG  SPR3  TAGGTCGTTTCCTACCTCATTGATG  AATGATAGTCGAGGTCAGACACACTT  ATS1  GGTAACGCAGCCGTTTGAGC  CCTCATCGTGCCCCAGTCC  ARS309  CGTGGCAACATCTTCTCCG  GTACTGGCTCGTCCATTCCC  ARS1  GAAGGCAAGAGAGCCCCG  TTGTAGCGTATGCGCCTGTG  HMR-1  AGATTCATATATCTTCAAGGGGAACTTCTTGTAC  TAGTTTCTTAAGTACTACCGGATTAGAGGTTTG  HMR-2 (HMR-E)  HMR-3  TCCGCCATACTACAAATATCATCC  TACCAACCCATCCGCCG  HMR-4 (HMR-a1)  HMR-5 (HMR-I)  HMR-6  GACACCCAGGTTGCCGC  TGGTGGCCCATGCCTTG  HMR-7  GCAGCTTACTCCCAAGAGTGC  CAACATGGTGTTCCAAAGCAC  SMK1-1  TTATCGGCCTGGGCCTTG  GGGCTTTGTCCGCCTACAT  SMK1-2  GGTGACCATTGCGACTGTGC  GTGGCGCCGAATTCTACC  SMK1-3  GCGACGAGGCGTGAGGGTAG  GGAGCACCGAGGTTGGAG  SMK1-4  CCTGGGCAAGGGAGCCTA  TTAGCTCACGGATGGCCC  SMK1-5  GAGATAGTGACCAGCTCGCCCT  CGGTGGATGACATCTGCAC  YJL038C-1  TCTATTTCGAGCGACTCTCTCTCA  GAGAAGGTGCCTATTATCGAGGGAC  YJL038C-2  GCAACAACATTCACCATAGGTGC  GCTATGCTATGTATTCAATCCCCCT  YJL038C-3  TGGCGCCACAACCTAGTCA  CAAGAGATTTACTTCGAGCAATTTTGG  YJL038C-4  CGAAAGTACCGGAACCAAACTGG  TCAACACAGACAGAACTCTGCGAG  YJL038C-5 CAAGAAGGGCGGGGAATTG CGACGCCTCCAATGCTGG ability to initiate the formation of silenced chromatin. Therefore, an experiment was designed which eliminated the requirement for Sum1p to initiate silenced chromatin yet would still allow an evaluation of its ability to spread. The mutant and wild-type proteins were coexpressed, and the ability of wildtype Sum1p to be incorporated into Sum1-1p-silenced chromatin was examined. If wild-type Sum1p had the ability to spread in the same way as mutant Sum1-1p, then both wildtype and mutant proteins should make up the silenced chromatin. However, when tagged wild-type Sum1p was coexpressed with untagged mutant Sum1-1p, wild-type Sum1p did not associate with the E silencer or the a1 gene significantly more than it did when expressed alone (Fig. 4A) . Therefore, wild-type Sum1p was not incorporated into the Sum1-1p-silenced chromatin to a significant extent. The Sum1-1p-silenced chromatin was functional in these cells, since they were able to mate (Fig. 4B, fourth patch) . Interestingly, the ability of Sum1-1p to silence HMR was diminished when wild-type Sum1p was coexpressed (Fig. 4B) , and this effect was greater when mutant Sum1-1p was tagged than when wild-type Sum1p was tagged. Immunoblots revealed that tagged wild-type and
FIG. 2. (A)
Wild-type Sum1p and mutant Sum1-1p associated with different genomic locations. DNA coprecipitated with myc-Sum1p or myc-Sum1-1p was quantified by real-time PCR. The y axis represents the relative enrichment of the specified regions compared to the ATS1 promoter, which is not regulated by Sum1p or Sum1-1p. If the recovery of a particular region is not enhanced compared to ATS1, the relative enrichment is 1. Strain genotypes were myc-SUM1 (LRY466), myc-SUM1-1 (LRY529), SUM1 (W303), and SUM1-1 (MC89). (B) Sum1-1p was more broadly distributed than Sum1p. The x axis represents the position along the chromosome (in base pairs) of the center of each PCR product. The site of recruitment (Sum1p binding site for SMK1 and YJL038C or HMR-E silencer for Sum1-1p) was set to zero. The y axis represents the relative enrichment at each position, compared to the maximum enrichment, which was set to 1.0. The data points for each locus were connected to aid visualization and are not meant to imply anything about the level of protein association in the regions between data points. The strain genotype was myc-SUM1 (LRY466) or myc-SUM1-1 sir2⌬ (LRY459). mutant Sum1p were expressed at roughly equivalent levels (data not shown). These observations suggested that wild-type Sum1p, rather than participating in the formation of silenced chromatin, actually disrupted the spreading of mutant Sum1-1p. It also appeared that the myc tag partially compromised the function of the protein.
Taken together, these experiments demonstrated that mutant Sum1-1p had a much greater ability to spread than wild-type Sum1p, consistent with model A and not model B (Fig. 1) . Spreading of mutant Sum1-1p required deacetylation by Hst1p and the histone H4 tail. To understand how the SUM1-1 mutation increased the ability of Sum1p to spread, it was necessary to understand the process by which mutant Sum1-1p spreads. Since Sum1-1p-mediated silencing involves a protein deacetylase highly related to Sir2p and results in deacetylation of nucleosomes (37, 43) , we tested whether spreading of Sum1-1p, like spreading of Sir proteins, required an active deacetylase. In the case of the Sir proteins, spreading occurs by a sequential deacetylation mechanism (18, 36) . Sir2p deacetylates a nucleosome, thereby creating new binding sites for Sir3p and Sir4p, which in turn recruit additional Sir2p to the newly deacetylated nucleosomes. If Sum1-1p spreads by a similar sequential deacetylation mechanism, then three predictions can be made. First, spreading of Sum1-1p should require the deacetylase activity of Hst1p. Second, enzymatically inactive Hst1p should have a dominant-negative phenotype, since incorporation of enzymatically inactive Hst1p into a growing chromatin structure should prevent further spreading of the repressed domain. Finally, histone tails should be required for spreading of Sum1-1p. These three predictions were tested.
To test the first prediction, that deacetylation by Hst1p is required for the spreading of Sum1-1p, HST1 was deleted and the distribution of Sum1-1p at HMR was assessed by chromatin immunoprecipitation (Fig. 5A) . Sum1-1p still associated with the E silencer at HMR in the absence of Hst1p, indicating that Hst1p was not required for the stability of Sum1-1p or its recruitment to the silencer. However, Sum1-1p did not spread to internal sites at HMR in the absence of Hst1p. The distribution of mutant Sum1-1p was also examined in the absence of Rfm1p, a protein that is required for the association of Hst1p with wild-type Sum1p and for Sum1-1p-mediated silencing (28) . In the absence of Rfm1p, Hst1p should not be recruited to HMR, and hence, Sum1-1p should not spread. Consistent with this prediction, Sum1-1p did not spread in the absence of Rfm1p (Fig. 5A ). Immunoblot analysis demonstrated that the amount of Sum1-1p did not change in the absence of Hst1p or Rfm1p (data not shown).
The lack of spreading by Sum1-1p in the absence of Hst1p or Rfm1p could indicate either a requirement for deacetylase activity or a structural requirement for Hst1p that is independent of the enzymatic activity. Therefore, a mutation was created in the presumptive active site of Hst1p (N291A) which is identical to a characterized mutation in the highly conserved active site of Sir2p, the paralog of Hst1p. The sir2 mutation, sir2-N345A, disrupts enzymatic activity in vitro (19) but is unlikely to cause structural changes (30) . The association of Sum1-1p with HMR was evaluated in HST1, hst1⌬, and hst1-N291A strains. In the presence of mutant Hst1p-N291A, Sum1-1p did associate with the E silencer but not the a1 gene at HMR, indicating that spreading did not occur (Fig. 5B) . In contrast, in the presence of wild-type Hst1p, Sum1-1p associated with both the E silencer and the a1 gene. Consistent with the chromatin immunoprecipitation results, mating did not occur in the presence of the hst1-N291A mutation, suggesting that HMR was no longer silenced (Fig. 5C) . Thus, the deacetylase activity of Hst1p was required for the spreading of Sum1-1p.
A second prediction of the sequential deacetylation model is that the hst1-N291A allele should have a dominant-negative phenotype, since incorporation of enzymatically inactive Hst1p into a growing chromatin structure should prevent further spreading of the chromatin. To test this prediction, plasmids bearing either wild-type or mutant HST1 were transformed into a SUM1-1 HST1 sir2⌬ strain, and mating was tested under conditions that required retention of the plasmid. Robust mating occurred in the presence of the wild-type HST1 plasmid, but mating did not occur in the presence of the hst1-N291A plasmid (Fig. 5D, second column) . Thus, enzymatically inactive Hst1p had a dominant-negative effect on Sum1-1p-mediated silencing, as predicted by the sequential deacetylation model. The ability of Hst1p-N291A to disrupt Sum1-1p-mediated silencing also demonstrates that this mutant protein was stably expressed.
A third prediction of the sequential deacetylation model is that histone tails should be required for the spreading of Sum1-1p. To test this prediction, a SUM1-1 sir2⌬ strain was constructed in which amino acids 4 to 19 of histone H4 were deleted. This truncation of histone H4 was previously shown to reduce silencing by Sir proteins (20) . To determine whether the histone H4 tail deletion affected the spreading of Sum1-1p, chromatin immunoprecipitation was conducted (Fig. 6A) . The association of Sum1-1p with the a1 gene was reduced in the absence of the histone H4 tail, consistent with the tail of histone H4 being required for spreading of Sum1-1p. In addition, mating did not occur in the presence of the histone H4 tail deletion (Fig. 6B ), indicating that HMR was no longer silenced. In conclusion, all three predictions of the sequential deacetylation model were met for the spreading of Sum1-1p. It was therefore highly likely that Sum1-1p spread by this mechanism. Mutant Sum1-1p accumulated near ORC binding sites. The experiments above established that the SUM1-1 mutation altered both the localization and spreading ability of Sum1p. To understand how a single amino acid substitution could confer both effects, we next investigated the mechanism by which mutant Sum1-1p was recruited to chromatin. Previous studies suggested that mutant Sum1-1p is recruited to silencers through interactions with the origin recognition complex, ORC (37, 43) . This conclusion was based on the dependence of Sum1-1p-mediated silencing on the ORC binding sites at silencers and also on qualitative chromatin IP studies showing reduced association of Sum1-1p with silencers in an orc5-1 mutant strain. orc5-1 is a temperature-sensitive allele that reduces Orc5p levels even at permissive temperatures. To assess more accurately the dependence of Sum1-1p on ORC for association with silencers, quantitative real-time PCR analysis of chromatin IP samples was performed. The association of Sum1-1p with all four silencers was significantly reduced in an orc5-1 temperature-sensitive strain (Fig. 7A) . These experiments were conducted in cells grown at the permissive temperature, at which some residual Orc5p is present in the cell, which could explain the low-level association of Sum1-1p with the silencers in the orc5-1 strain.
The observation that ORC is involved in the recruitment of Sum1-1p to silencers led us to examine the relationship between ORC and Sum1-1p in more detail. If ORC is indeed involved in recruiting Sum1-1p to silencers, then it may also recruit Sum1-1p to other origins of replication, of which there are approximately 400 in the yeast genome (48) . To determine whether Sum1-1p does associate with other ORC binding sites, the association of wild-type and mutant Sum1p was examined at the well-characterized origin ARS1 and at ARS309, which is unusual in that the sequence to which ORC binds differs from the consensus sequence (44) . Mutant Sum1-1p was enriched at VOL. 25, 2005 REGULATING SPREADING OF REPRESSIVE CHROMATIN 5927 both origins, whereas wild-type Sum1p was not (Fig. 7B) , consistent with mutant Sum1-1p being recruited to chromatin at least in part through ORC. The enrichment of Sum1-1p at these origins was convincingly detected only when cross-linking was carried out for longer times (2 to 3 h rather than 20 to 30 min), suggesting that the interaction between Sum1-1p and the coprecipitated DNA is indirect, perhaps through ORC. The same requirement for longer cross-linking times was not seen at HMR, perhaps because spreading of Sum1-1p is more extensive, which could contribute to increased immunoprecipitation by stabilizing the association of Sum1-1p with chromatin and by providing more sites for antibody binding. If mutant Sum1-1p is recruited to origins throughout the genome, then it would be expected to repress nearby genes. Indeed, SUM1-1 cells grow slowly compared to wild-type cells, whereas sum1⌬ cells grow at the same rate as wild-type cells, suggesting that other genes, perhaps near ORC binding sites, may be silenced by Sum1-1p. To determine whether Sum1-1p-mediated silencing is initiated at other ORC binding sites, we identified additional genes repressed by Sum1-1p and then asked whether those genes were near ORC binding sites. Microarray expression analysis was used to compare the expression profiles of SUM1, SUM1-1, and sum1⌬ cells. In two separate experiments, 16 genes were repressed at least threefold in SUM1-1 cells compared to SUM1 cells and were not also repressed in sum1⌬ cells, indicating that repression was not an effect of the loss of wild-type SUM1. Four of these repressed genes, LSM2, PAM16, KAR1, and VAS1, are essential for life in S. cerevisiae (1) , and their reduced expression may explain, in part, the slow growth of SUM1-1 strains. Only 1 of the 16 genes, YGL230C, was derepressed in sum1⌬ cells, whereas the expression of the others was unchanged. None of these genes showed significant association with wild-type Sum1p in a genome-wide localization of Sum1p (25) , although three of them were significantly associated with Sum1p when examined individually (Table 4 ). Since there were no genes that were both associated with Sum1p and derepressed in sum1⌬ cells, we conclude that these genes were not normal targets of wild-type Sum1p. RNA hybridization experiments confirmed that these genes were repressed in SUM1-1 cells compared to expression in wild-type cells (Fig. 7C, lanes 1 and 2 ; also data not shown). Furthermore, these genes were silenced by a mechanism similar to that operating at HMR, since repression of these genes was reduced in hst1⌬ and orc5-1 strains (Fig. 7C, lanes 4 and  5) .
To determine those genes that were directly silenced by Sum1-1p, chromatin IP was employed. Eleven of the genes were significantly associated with Sum1-1p, whereas five were slightly associated with Sum1-1p, with relative enrichments less than two (Table 4) . If ORC were indeed responsible for recruiting Sum1-1p to chromatin, the 11 strongly associated genes should be closer to ORC binding sites than the 5 less strongly associated genes and should also be closer, on average, than genes not influenced by Sum1-1p. To determine the nearest ORC binding site, we used a study in which ORC and MCM proteins were localized throughout the genome to map proposed origins of replication (pro-ARSs) (48) . This study did not pinpoint the exact location of each pro-ARS but narrowed it to a region of approximately 1 kb. Using this data, we found that the 5Ј ends of all 11 genes that were strongly associated with Sum1-1p were less than 1.8 kb from the nearest pro-ARS ( Fig. 7D ; Table 4 ). In contrast, the five genes weakly associated with Sum1-1p were 5.3 to 19 kb from the nearest pro-ARS. Thus, the association of Sum1-1p with a promoter correlated with proximity to an ORC binding site (P ϭ 0.00073).
Truncation of histone H4 caused Sum1-1p to associate with midsporulation promoters. To resolve the puzzle of how a single amino acid change in Sum1p alters both the localization of the protein and its spreading ability, we considered whether an increased affinity for any of the proteins known to act with Sum1-1p could affect both localization and spreading of Sum1-1p. If mutant Sum1-1p has an increased affinity for another protein and is consequently drawn away from midsporulation promoters, then the absence of that binding partner might allow the mutant Sum1-1p to return to the midsporulation genes. Therefore, the association of Sum1-1p with the midsporulation genes SMK1 and SPR3 was tested in strains bearing mutations in genes known to be important for Sum1-1p-mediated silencing (Fig. 8A) . Deletion of the N-terminal tail of histone H4 increased the association of mutant Sum1-1p with midsporulation promoters, suggesting that the Sum1-1p mutation may result in an increased affinity for histone H4 tails. In contrast, mutation of HST1, ORC5 (Fig. 8A) , or RFM1 (data not shown) did not increase the association. This observation suggests that although mutant Sum1-1p accumulates at and near ORC binding sites to a greater extent than does wild-type Sum1p, this accumulation is not due to an increased affinity for ORC.
Wild-type Sum1p may interact with ORC. The reversion of mutant Sum1-1p to midsporulation genes in the absence of histone H4 tails but not when ORC function was reduced was inconsistent with Sum1-1p having an increased affinity for ORC. An alternative model is that both the wild-type and mutant forms of Sum1p have a low affinity for ORC, and an additional interaction that mutant Sum1-1p is able to make with histone tails leads to the stabilization of Sum1-1p near ORC binding sites. Indeed, several lines of evidence supported an interaction between wild-type Sum1p and ORC, as outlined below. If Sum1p and ORC do interact, their binding sites might colocalize in the genome. To quantify the extent of colocalization between ORC and Sum1p, we identified 406 intergenic regions that both were found to contain probable ARS elements (based on genome-wide ORC and MCM binding measurements (48) and were included as microarray probes in a genome-wide protein localization survey of 113 transcription factors (including Sum1p) (25) . Of these 406, 66 (16.3%) were found to also bind Sum1p at the level of P values of Ͻ0.05. This is a 3.3-fold enrichment over what would be expected by chance, which is a significant (Fisher's exact test; P Ͻ 10 Ϫ18 ) departure from randomness. In fact, Sum1p is the most highly enriched for colocalization with ARS elements among all 113 transcription factors tested, being more than five orders of magnitude more significantly enriched than even the next most enriched factor. Similar, though slightly weaker, enrichments were found when using only ORC binding data instead of both ORC and MCM; this suggests that Sum1p may have the greatest affinity for ORC in the context of ARS elements, as opposed to other sites of ORC binding.
There are two ways in which ORC and Sum1p could interact functionally. ORC could play a role in the Sum1p-mediated repression of some genes, or Sum1p could affect replication at some origins. To determine whether ORC plays a role in Sum1p-mediated repression, RNA was isolated from orc5-1 and orc2-1 yeast and analyzed for the expression of nine Sum1p-repressed genes near ORC binding sites. One of these genes, YJL038C, was clearly induced in both orc5-1 and orc2-1 strains (Fig. 8B) , consistent with ORC participating in Sum1p-mediated repression.
To determine whether Sum1p plays a role in replication, we compared the stability of plasmids bearing one of two ARS elements as the sole origin of replication (48) . ARS1015 is not associated with a Sum1p binding site, whereas ARS1013, which is located near YJL038C, is associated with a Sum1p binding site. Transformation of ARS1015 into wild-type or sum1⌬ cells yielded robust colonies. In contrast, colonies were slightly smaller when ARS1013 was transformed into wild-type yeast and extremely small in sum1⌬ yeast (Fig. 8C) . These results are consistent with Sum1p facilitating replication at ARS1013 but not ARS1015. Thus, the clustering of ORC and Sum1p binding sites, the derepression of YJL038C in orc mutant strains, and the reduced stability of ARS1013 in the absence of Sum1p all suggest a functional interaction between wild-type Sum1p and ORC.
The proposed contribution of Sum1p to replication, at least at a subset of origins, suggests that the lower growth rate of SUM1-1 strains may be due to replication defects rather than repression of essential genes, as proposed above. To test this idea, we compared the growth rates of a double orc5-1 SUM1-1 mutant strain with orc5-1 and SUM1-1 single-mutant strains. If SUM1-1 caused a defect in replication, the double orc5-1 SUM1-1 mutant should have even more severely compromised replication and grow poorly if at all. In contrast, if the slow growth of SUM1-1 strains were due to decreased expression of an essential gene, the orc5-1 mutation should relieve this repression and result in an increased growth rate. The double orc5-1 SUM1-1 mutant strain grew at roughly the same rate as an orc5-1 single-mutant strain and faster than a SUM1-1 strain, and the same result was seen with orc2-1 mutant strains (data VOL. 25, 2005 REGULATING SPREADING OF REPRESSIVE CHROMATIN 5929 not shown). Thus, it is more likely that the poor growth of SUM1-1 strains is due to the reduced expression of essential genes rather than a replication defect.
DISCUSSION
A mutation affected the localization and spreading ability of a eukaryotic repressor. This study revealed that the SUM1-1 mutation alters two properties of the protein-it changes both its location in the genome and its ability to spread. The altered localization of Sum1-1p was demonstrated by chromatin IP studies ( Fig. 2A ) and is consistent with previous observations (37, 43) . The wild-type and mutant proteins clearly had different spreading abilities at the locations where they acted (Fig.  2B) . However, to determine whether the difference in spreading was due to a change in protein function or was a property of its genomic location, it was necessary to compare the abilities of the mutant and wild-type proteins to spread at the same location. To do this, the wild-type Sum1p was recruited to the silent mating type locus, HMR, by inserting a Sum1p binding site into the silencer. Although wild-type Sum1p did bind to this modified silencer, it did not spread as efficiently as mutant Sum1-1p (Fig. 3) . In addition, wild-type Sum1p was not efficiently incorporated into Sum1-1p-containing silenced chromatin, and wild-type Sum1p even appeared to disrupt the ability of mutant Sum1-1p to spread efficiently (Fig. 4) . Therefore, wild-type Sum1p behaved rather differently than Sum1-1p and had, at best, a limited capacity to spread beyond its binding site. The ability of wild-type Sum1p to disrupt, but not eliminate, silencing by mutant Sum1-1p may also explain why the SUM1-1 allele appeared recessive in some studies but dominant in others (23, 24) .
A difference in spreading ability between wild-type and mutant Sum1p is also supported by increased telomeric silencing in a SUM1-1 strain (6). This increase in silencing occurs in the presence, but not the absence, of Sir proteins and is probably due to mutant Sum1-1p becoming incorporated into Sirsilenced chromatin, thereby enhancing silencing. In this case, silencing is initiated by the Sir proteins, and therefore the enhanced silencing seen in a SUM1-1 strain compared to a SUM1 strain must be due to an increased ability of the protein to spread.
Having determined that the SUM1-1 mutation affects both the location and spreading ability of the protein, we considered how a single amino acid substitution could alter these two properties. Often, a single amino acid change affects a single function of a protein, for example, the affinity of the protein for another protein or catalysis in the active site. In this case, since no enzymatic activity is known for Sum1p, it is probable that the mutation alters the affinity of the protein for a binding partner, and this alteration causes the observed changes in spreading and location. To identify the particular binding partner for which mutant Sum1-1p had higher affinity, the association of mutant Sum1-1p with midsporulation genes was assessed in various mutant backgrounds. Sum1-1p returned to the midsporulation genes when the N-terminal tail of histone H4 was truncated but not when ORC5, HST1, or RFM1 was mutated (Fig. 8A) . The most parsimonious interpretation of this data is that the changes in location and spreading ability resulted from an increased affinity for the N-terminal tail of histone H4, although an indirect effect of the histone H4 truncation cannot be ruled out. An increased interaction between mutant Sum1-1p and histone tails is consistent with our observations that in chromatin IP experiments, more nonspecific DNA precipitates with mutant Sum1-1p than with wild-type Sum1p (data not shown). Since histones are found throughout the genome, mutant Sum1-1p might be at virtually any position in the genome in a fraction of cells in the population. Furthermore, the dependence of Sum1-1p on the Hst1p deacetylase for spreading suggests that Sum1-1p has a higher affinity for deacetylated than acetylated histone tails, perhaps explaining why a slight enrichment for Sum1-1p was observed at repressed genes that are not close to ORC binding sites ( Table 4) .
The spreading of mutant Sum1-1p. Three important conclusions emerged regarding the mechanism by which Sum1-1p spreads: the deacetylase activity of Hst1p was required for the spreading of Sum1-1p, enzymatically inactive Hst1p had a dominant-negative effect on Sum1-1p-mediated silencing, and the tail of histone H4 was required for Sum1-1p-mediated silencing. These results are all consistent with Sum1-1p spreading by a sequential deacetylation mechanism, much as the Sir proteins do. It is interesting that other types of repressive chromatin, such as silenced chromatin at the mating type locus in Schizosaccharomyces pombe, also propagate through the sequential modification of, and specific binding to, histones (15) . It is therefore likely that this is a general mechanism by which specialized chromatin propagates.
The requirement for the N-terminal tail of histone H4 for Sum1-1p to spread (Fig. 6 ) implied that alterations in the affinity of the protein for the tail of histone H4 could modulate the extent of spreading of the Sum1 protein. Furthermore, since the SUM1-1 mutation appeared to increase the affinity of Sum1-1p for this histone tail (Fig. 8A) , this change in affinity was the probable mechanism by which the SUM1-1 mutation increased the ability of the protein to spread. Therefore, one way in which the extent of spreading can be regulated is through the modulation of interactions between chromatin proteins and histone tails. In this view, amino acid substitution, as occurs in the SUM1-1 mutation, is a genetic surrogate for modulating the affinity of a protein for histone tails by posttranslational modifications, such as acetylation, methylation, and phosphorylation, all of which occur frequently on histone tails. Thus, these posttranslational modifications probably play a key role in regulating the spreading of chromatin proteins by impacting the affinity of chromatin proteins for nucleosomes. Indeed, changes in the modification status of histones in the vicinity of silenced domains do alter the extent to which Sir proteins spread (11, 22, 29, 42) .
Some chromatin-associated proteins that do not spread also have the ability to modify histones and specifically bind to those modified histones. For example, the yeast Ssn6-Tup1 and mammalian SMRT/N-CoR corepressor complexes both associate with histone deacetylases and bind to unacetylated histone tails, yet neither spreads extensively (8, 9, 12, 47, 50) . In these cases, the ability to generate and bind to a specific histone modification is thought to stabilize the association of these protein complexes with chromatin. It is possible that wild-type Sum1p has a similar ability to bind to histones and that the affinity of this interaction is not sufficient to allow spreading. Thus, the ability to modify histones and specifically 5930 LYNCH ET AL. MOL. CELL. BIOL.
bind to those modified histones serves at least two purposesstabilizing the association of a protein complex with a promoter or facilitating the spreading of proteins along the chromosome. The strength of the interaction with histone tails is important in determining which of these modes of action predominates. Thus, promoter-specific repressor complexes and silencing complexes that spread are mechanistically related. Recruitment of mutant Sum1-1p to chromatin. This study also investigated the mechanism by which mutant Sum1-1p is recruited to particular sites in the genome. Three observations indicate that Sum1-1p accumulated near ORC binding sites. First, quantitative PCR analysis of chromatin IP samples revealed that the association of Sum1-1p with silencers was significantly reduced in an orc5-1 temperature-sensitive strain (Fig. 7A) . Second, mutant Sum1-1p associated with two generic ORC binding sites, ARS1 and ARS309 (Fig. 7B) . Finally, genes that were repressed in a Sum1-1p-dependent manner were near ORC binding sites (Fig. 7D) . Thus, Sum1-1p joins a growing list of repressive proteins, including yeast Sir1p (14, 45) and Drosophila HP1 (31, 40) , that are recruited to chromatin at least in part through ORC. In addition, the apparent functional interaction between wild-type Sum1p and ORC, as suggested by the higher-than-expected frequency of Sum1p binding sites near ORC binding sites, the derepression of YJL038C in orc mutant strains (Fig. 8B) , and the decreased function of ARS1013 in sum1⌬ cells (Fig. 8C) , implies a fundamental link between DNA replication, chromatin structure, and transcriptional repression.
What causes Sum1-1p to accumulate near ORC binding sites? One possibility is that the SUM1-1 mutation increases the affinity of the protein for ORC, as suggested by an observed two-hybrid interaction between ORC5 and mutant SUM1-1 but not wild-type SUM1 (43) . However, the orc5-1 mutation did not increase the association of mutant Sum1-1p with midsporulation promoters, whereas deletion of the Nterminal tail of histone H4 did (Fig. 8A) . Therefore, it was more likely that Sum1-1p was drawn away from midsporulation genes by an increased affinity for histone tails rather than for ORC. In addition, an increased affinity for ORC would not change the spreading ability of the protein and hence cannot be the sole effect of the SUM1-1 mutation. An alternative model is that both wild-type and mutant Sum1p have a low affinity for ORC. The additional interaction that mutant Sum1-1p is able to make with histone tails in the vicinity of ORC binding sites would provide an additional attachment point, leading to the accumulation of Sum1-1p but not Sum1p near ORC binding sites. It is curious that the proposed increased affinity of Sum1-1p for histone tails does not also strengthen the association of Sum1-1p with midsporulation promoters. Perhaps Sum1-1p has a higher affinity for the particular histone tail modification pattern found near ORC binding sites compared to the pattern found near midsporulation genes. Alternatively, the same Sum1-1p molecule may not be able to bind to histone tails and DNA simultaneously.
Evolution of silencing complexes. The SUM1-1 mutation provides a fascinating opportunity to explore the evolution of repressive chromatin. In essence, Sum1-1p represents the de novo evolution of a new type of silencing protein. A single nucleotide change in the SUM1 gene has given rise to a protein that can form silenced chromatin, whereas the wild-type gene cannot. It is not hard to imagine that similar types of mutations have occurred during the course of evolution, giving rise to novel expression patterns and phenotypes. In fact, Sir-mediated silencing itself is evolutionarily related to Sum1p-mediated repression and could have arisen from a promoter-specific repression complex. The deacetylases Sir2p and Hst1p are paralogs that arose in a genome duplication which occurred in the evolution of Saccharomyces (10, 21, 46) . Hence, in an ancestor of Saccharomyces, there was only one Sir2p/Hst1p protein, and the two distinct functions that exist today most likely evolved after the genome duplication. In addition, Sir3p and Orc1p are paralogs (10) , suggesting that the silencingspecific function of Sir3p could also have arisen after the genome duplication. Finally, the apparent functional interaction between Sum1p and ORC suggests that an ancestral interaction between a Sum1-like complex and ORC could have been elaborated in the development of the Sir silencing apparatus.
